Sub-5 lm-thick spalled single crystal Si foils by decoupling crack initiation and propagation
Yong Hwan Lee, 1 Yong-Jae Kim, 2 Seung Min Jane Han, 1 Hee-eun Song, 3 and Jihun Oh Spalling of a brittle semiconductor substrate is an attractive method for fabricating sub-50 lm thick single crystal semiconductor wafers in large area. Here, a spalling process to fabricate single crystal Si foils with controlled thicknesses ranging from sub-5 to 38 lm is demonstrated using electroplated Ni stressor layers on Si substrates. In this study, the thickness profile of the Ni stressor layer was varied by changing the Ni electroplating current density, and the effect of thickness variation on the crack initiation and propagation in the underlying Si substrate was evaluated. The critical Ni thickness for crack initiation in our Ni/Si bilayer system was determined and we also show that the crack propagation depth, i.e., spalled Si thickness, is proportional to the thickness of the Ni layer at the central area of the Si wafer. Ni layer plated using 40 mA/cm 2 resulted in sub-5 lm thick Si foil. In addition, the spalling mechanics of a Ni/Si bilayer system was analytically explored to give insight into the requirements of the Ni stressor layer for crack initiation. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4963292] Mechanical exfoliation of a wafer, a process known as spalling, has drawn attention as an inexpensive and scalable technology to fabricate sub 50 lm-thick single crystal semiconductor substrates for high performance and low-cost electronic and opto-electronic devices, such as integrated circuits (ICs), 1,2 photovoltaics, [3] [4] [5] [6] [7] and light emitting diodes. 8 In the spalling process, a thin single crystal semiconductor foil is exfoliated from a mother wafer by a crack that propagates parallel to the surface of the wafer. The parallel crack in a wafer was produced by applying a stressor film with biaxial tensile stress atop a desired wafer. Spalling is initiated when the mechanical load from the stressor film induces a stress intensity factor for mode I, K I , exceeding the fracture toughness of a brittle substrate. 9, 10 The thickness of a spalled foil, defined by the crack propagation depth, is determined by the thickness of the stressor layer as well as the ratio of the mechanical moduli of the stressor layer and the substrate. 10 For instance, Bedell et al. fabricated Ge foils with controlled thicknesses from 7 to 58 lm by varying the thicknesses of sputter-deposited Ni stressor films. 11 With this high process fidelity, the spalling process has been used to fabricate large area thin single crystal foils of Si, GaAs, Ge, and GaN with controlled thicknesses as well as thin foils of high performance and flexible Si ICs and photovoltaic devices. 1, 3, 8, 12 In a spalling process, crack initiation at a desired location in a semiconductor substrate is critical to fabricate a single crystal semiconductor foil with controlled thicknesses. A crack can be spontaneously created on a brittle substrate when a stressor layer is thicker than a critical value. The required thickness of the stressor layer for the spontaneous crack initiation sets the lower bound of the obtainable thickness of an exfoliated semiconductor foil: typically the spalled depth is proportional to the stressor layer's thickness. 10 Increasing residual stress in a stressor layer by, for example, doping P in Ni can facilitate initiation of a crack, but crack propagation depth is still proportional to the thickness of the stressor layer. 13 Therefore, in order to form a ultra-thin semiconductor foil with a thickness below the lower bound set by a stressor, it is important to initiate a crack artificially to decouple it from crack propagation. One approach to initiate a crack is to apply additional mechanical load externally to an abruptly terminating stressor layer. For example, Bedell et al. fabricated a sub-5 lm thick single crystal Si foil by applying (and subsequently detaching) a flexible tape to a Ni layer atop a Si substrate to exert an external force to the Ni stressor layer. 12 However, the external force to initiate spalling has not been investigated quantitatively as a function of the thickness and intrinsic stress of a Ni layer. In another approach, scribing a notch using a laser has been proposed to initiate a crack without significant substrate damage to facilitate repetitive spalling. 6, 14 However, the laser cutting approach is costly due to the capital expense, and precise alignment process is necessary to form a notch at an appropriate crack propagation position.
Here, we demonstrate a cost-effective crack initiation strategy to fabricate thin single crystal Si foils with various thicknesses from sub 5 to 38 lm using an electroplated Ni stressor layer. By adjusting the Ni electroplating current density j EP , a Ni stressor layer is controlled to have a thick edge profile to decouple crack initiation and propagation depth during spalling. The thick Ni layer, thicker than the critical thickness, at the edge initiates a crack spontaneously and the thin Ni layer, thinner than the critical thickness, at the center a)
Author to whom correspondence should be addressed. Electronic mail: jihun.oh@kaist.ac.kr determines the thickness of a spalled Si foil. In addition, we investigate spalling mechanics for crack initiation by a stressor layer as a function of the thickness and stress of a Ni stressor layer.
Figures 1(a) and 1(b), respectively, show schematics of the conventional spalling approach with a uniform Ni stressor layer and our crack initiation strategy using a Ni stressor layer with a graded thickness profile to decouple crack initiation and propagation for controlled fabrication of Si foils with various thicknesses. According to the bilayer model for spontaneous spalling, spalling is initiated when the energy release rate G is larger than a critical energy release rate G c . 9, 10, 15 The energy release rate G is proportional to the residual stress and thickness of a stressor layer such that
where r is the residual stress and h is the stressor's thickness: 10,15 a substrate crack would form when the stressor is thicker than a critical thickness h c if r remains constant. 15 The bilayer model also suggests that the spalled depth in a steady-state would be kh regardless of the residual stress. 10 Typically, k varies from 0.5 to 4, depending on the moduli and thicknesses of the stressor and the substrate as well as the spalling process.
2,4,13 Therefore, as shown in Fig. 1(a) , when a stressor layer with constant thickness of h o is used, the crack depth in the Si substrate would be kh o , which is thicker than kh c . In contrast, as depicted in Fig. 1(b) , when the thickness of the Ni layer gradually changes from h e at the edge to h at the center of the wafer such that h < h c < h e , a substrate crack still would be initiated at the edge but the crack depth at the center of a wafer would be kh, which is much thinner than kh c . Therefore, by simply controlling the thickness profile of the Ni stressor layer, ultra-thin Si foils with various thicknesses can be fabricated.
The Ni profile can easily be gradually changed by controlling the j EP s. Figure 1(c) shows the thickness profiles of Ni stressor layers at/near the edge on a silicon substrate electroplated under various j EP s from 5 to 40 mA/cm 2 (see experiment details in the supplementary material). The passed charge density Q for Ni electroplating is 36 C/cm 2 for all plating conditions. Q is the product of j EP and time, and is used to compare thickness profiles of Ni and spalling behaviors of Si with the same volume of Ni stressor layers deposited under various conditions throughout this work. As shown in Fig. 1(c) , with increasing j EP s, h e of the Ni layers increases from 16 to 25 lm although the Ni thicknesses at about 1 mm from the edge are similar, falling in the range of 15-18 lm. This is due to the current crowding and enhanced mass transport of Ni 2þ at/near the edge of the plating mask during electroplating at high j EP . 16, 17 Figure 1(d) shows the Ni thickness ratio at the edge and the center of a wafer, i.e., h e /h, as a function of Q in various j EP s. Note that a crack in Si does not form in Fig. 1(d) . As shown in Fig. 1(d) , the thickness ratio is about 1.5, 2.2, and 2.7 for j EP of 5, 20, and 40 mA/cm 2 , respectively. In addition, the thickness ratios remain constant with increasing Q. This indicates that the thickness ratio would be maintained even if Q is further increased for a Ni film to be thicker than h c to induce Si cracking (Fig. S1 in the supplementary material) .
A substrate crack initiates when the Ni stressor layer is thicker than h c at the edge of the Ni layer on the Si substrate. Once a crack initiates in the Si substrate, the crack grows and the Ni/Si bilayer at the edge of the Ni layer is lifted due to the bending moment induced by the Ni layer, which can be observed by scanning electron microscopy (SEM) or even by the naked eye. Figure 2 shows the tilted-view SEM images of Ni/Si bilayer structures at the edge of the Ni stressor layer electroplated at various j EP s and for various times. Crack formation was not observed when Ni is electroplated at 40 mA/ cm 2 for 15 min (Q ¼ 36 C/cm 2 ), but spontaneous cracks were formed when the Ni electroplating time is further increased to more than 22 min 30 s, i.e., Q ¼ 54 C/cm 2 (Figs. 2(a) and 2(b), respectively). However, as seen in Fig. 2(c) , a spontaneous crack is not initiated when j EP is decreased to 20 mA/cm 2 even though the same Q of 54 C/cm 2 is supplied. Figure 3(a) shows an edge crack initiation map as a function of j EP s and Q. As shown in Fig. 3(a) , cracks in Si substrates start to form under the edge of the Ni films when both j EP s and Q increase. However, a much higher Q is required to initiate a crack when a low j EP is used to plate Ni , respectively. The Ni thickness at the edge is determined by extrapolating the edge/center thickness ratio of Ni films deposited under various current densities in Fig. 1(d) (see Fig. S1 ). Note that the maximum Ni edge thickness for non-crack initiation is about 32 lm for Q ¼ 54 C/cm 2 at 20 mA/cm 2 in Fig. 3(a) . Therefore, the critical thickness h c for crack initiation is about 33-38 lm in our Ni/Si bilayer system. Note also that the average residual stress of our electroplated Ni film is about 414 MPa and is nearly constant with various j EP values (see Fig. S2 ). According to Eq. (1), in our case, the residual stress of Ni films does not significantly affect h c for crack initiation in a Si substrate.
In order to determine the required residual stress and thickness of Ni stressor layers for Si substrate cracking, we investigate the energy release rate G of our Ni/Si bilayer system using a spalling model developed by Suo and Hutchinson. 10 Figure 3(b) shows the calculated G of a Ni/Si bilayer system with various Ni thicknesses and residual stresses. In general, G of the Ni/Si bilayer system is increased with increasing residual stress and thickness of the Ni film, which is consistent with Eq. (1). In Fig. 3(b) , we also indicate the thicknesses of electroplated Ni layers and measured residual stresses with various j EP s shown in Figs. S1 and S2. The yellow and red dots specify substrate cracking conditions mapped in Fig. 3(a) . A comparison between the calculated G contour lines and the experimental cracking conditions clearly indicates that the minimum G, G m , for spontaneous crack initiation under the edge of the Ni stressor layer is about 6.92 J/ m 2 (shown as the black dashed line in Fig. 3(b) ). For spontaneous Si cracking, G of a Ni/Si bilayer system must be larger than G m . This can be accomplished by increasing the thicknesses and/or residual stresses of the stressor layer. Alternatively, one can apply additional stress to the stressor layer by exerting external force on the stressor layer to have G > G m for the bilayer system. For instance, Bedell et al. demonstrated that external force is effective to spall various semiconductors, including Si and Ge, using a Ni stressor layer in conditions where spalling otherwise does not occur. 11, 12 Note that the G m in our Ni/Si bilayer system (6.92 J/m 2 ) is slightly higher than G c of (100) Si, which is 5.87-6.4 J/ m 2 . 9, 18, 19 We believe that the difference is, in part, induced by non-uniform stressor layer profile.
Once a crack is initiated in a Si substrate under the edge of a Ni stressor layer, the crack can propagate parallel to the surface at a depth proportional to the thickness of the Ni layer at the center of wafers. Figures 4(a)-4(c) show crosssectional SEM images of the exfoliated Si foils using Ni stressor layers with minimum thicknesses needed for crack initiation mapped in Fig. 3(a) . Note that the Ni stressor layers were removed by wet etching. As clearly demonstrated in Figs. 4(a)-4(c) , a Ni film plated under 40 mA/cm 2 produces a Si foil with a thickness of 4.6 lm while the minimum Si foil thicknesses spalled with Ni films plated under 20 and 5 mA/cm 2 are 30 and 38 lm, respectively. For all cases, the spalled Si thickness at the center of wafer coupons is thinner than that at the edge of the wafer (Fig. S3) . We attribute this large reduction of the spalled Si foil thickness to the large edge/center thickness ratio of the Ni layers at high j EP values: the Ni stressor thickness at the center of a wafer coupon decreases from about 26 to 13 lm when the j EP increases from 5 to 40 mA/cm 2 . The Si foil thickness from a graded Ni layer as a function of thicknesses and j EP s is summarized in Fig. S4 and comparison of the spalling behavior of our work and others in literature is summarized in Table S1 in the supplementary material.
It is important to note that a thin Si foil with small wafer bowing is essential for solar cell processing. However, the bowing of a thin Si foil by spalling is always accompanied due to bending moment from a stressor layer (Fig. S5) . Since the bending moment is related to the biaxial stress and thickness of the stressor layer, bowing of the exfoliated thin Si foil can be reduced by completely or partially etching the stressor layer after spalling. The free standing Si foil would be transferred to a handling substrate for cell processing. Alternatively, a spalled Si/Ni bilayer could be transferred and bonded to a handling substrate with a compressive stress to reduce the bending moment.
In summary, we demonstrate an approach to exfoliate a single crystal Si foil with controlled thickness from sub-5 to 40 lm using a Ni stressor layer. In our approach, we form a Ni stressor layer with a gradually decreasing thickness profile from the edge to the center area by controlling j EP s. This approach makes it possible to decouple crack initiation (edge) and crack propagation depth (center). In particular, a high j EP of 40 mA/cm 2 produces the most gradual thickness profile, which enables to exfoliate about a 4.6 lm thick Si foil in 1 in. diameter. In addition, the fracture mechanics of the Ni/Si bilayer system were investigated to predict the spontaneous crack initiation condition. Comparison between the theoretical calculation and experimental results suggests that a crack spontaneously forms when the stresses and thicknesses of the Ni stressor layer increase such that G is larger than 6.92 J/m 2 . Finally, our approach is applicable to fabricate various semiconductor foils, including Si, Ge, GaAs, etc., with controlled thicknesses by the cost-effective and high throughput spalling process for flexible and high performance (opto)electric devices.
See supplementary material for experimental details, the thickness and measured residual stress of electroplated Ni stressor layers, and depth profiles of the spalled Si mother wafer.
